Abstract --The remote detection of buried structures and tunnels is important to the mining, construction, and defense industries. It is often desirable to identify underground power lines, pipe lines, and utility tunnels which have distinctive electromagnetic cross sections. A computational model for the electromagnetic detection of buried conducting cylinders is described in this paper. The source of electromagnetic radiation is either current injection into the soil or a surface based magnetic dipole with possible extensions to airborne platforms. A frequency range of 5 -lOOkHz is considered. The target conductor is a cylinder buried directly in the soil or placed inside an insulating pipe. The receiver is a magnetic gradiometer held lm above the ground, separate from the transmitter. Typically, data are taken in ten point scans above and normal to the buried conductor. Cases where the target conductor is grounded at both ends, one end, or not at all are modeled. The scattered field and field gradient are computed at or above ground level and compared in magnitude and phase with the transmitted signal.
INTRODUCTION
The central issues in the detection of underground structures and tunnels are attenuation, scattering, and clutter. Commonly applied techniques, such as electromagnetic, dc magnetic, seismic and gravitational, are impacted to varying degrees by these three factors. Only electromagnetic scattering (EMS) techniques are considered here.
Local conditions cause the electrical conductivity of soils to vary from place to place by several orders of magnitude, leading to significant variations in radiation skin depth, 6 = 4 2/(puo CO), where 0 is the electrical conductivity of the soil and CO is the angular frequency of the wave, CO = 27cv. At low frequencies, an oscillatory plane wave attenuates by one factor of e for each s h n + Work supported under the auspices of the USDOD depth it travels. If the target were a buried conducting sphere, the total scattering cross section would be approximately proportional to k4a6 where the radius of the sphere is a, the wave number in earth is k, and it is assumed that ka << 1. One may reduce attenuation by reducing the operating frequency, but the corresponding reductions in cross section will eventually overcome the improvements in attenuation.
In addition to attenuation by the soil and electromagnetic scattering by the target, the phenomenon of geologic noise or "clutter" is a major factor in underground detection. When natural variations in o and dielectric constant, K , introduce signal fluctuations comparable to the target scattering, accurate detection is impaired.
The work in this paper combines two realities inherent to the applications and physics of underground detection technology. First, many of the "targets" typical of underground detection applications are in long tunnels: pipelines, power lines, communications, and transportation. Second, cross sections for long conductors parallel to incident wave polarization are significantly greater than for smaller objects such as storage bunkers and containers.
PHYSICS MODELING
The physics issues described above are well known, . An approximation for a grounded wire of finite length was derived and incorporated into the present model to compute both E and B at and above the target conductor. The transmitter to target separation, R, is assumed to be long compared to the skin depth of the earth, 6, but short compared to the wavelength in air, A,. These assumptions enable one to treat the vertical and horizontal dependencies of the fields as separable. The target is taken to be a conducting wire or pipe of radius a inside an insulated tunnel of radius b. The conductor may be grounded at both ends, one end or neither end. It is also possible to have the conductor be a part of the tunnel wall and in contact with the ground along its length.
The E field of the transmitter drives a current in a target conductor of finite length. This was computed using a Green's function technique presented by Hill [5] , and it was checked against an independent Fourier expansion model.
The choice of a magnetic gradiometer for the receiver is drawn from experience at RTR. For a bistatic configuration where the transmitter and receiver are located separately, the gradient of the scattered field, dBSc/dx, is expected to be distinguished from the background better than the profile of B,, itself.
RESULTS
target was a #14 gauge wire drawn through a 4" diameter plastic pipe. The pipe was -lOOm long and the central 50m were buried to a depth of -10m. Various transmitter configurations were used including current injection from a lOOm line parallel to the target and lOOm away from it. Also a horizontal ferrite loop antenna was placed directly over one end of the buried wire. The Sandia tests showed a distinct horizontal magnetic gradient as the gradiometer was taken across the buried grounded wire. These results are illustrated in Fig. 2 where the transmitter was a ferrite loop antenna operating at lOOkHz and moved across the wire in tandem with the receiver to reduce transmitter interference.
To model the buried wire experiments, the characteristics of the earth were assumed to be IC = 10 and 0 = 0.03mho/m. The results computed using the model described above are shown in Although there is a scattered signal present for all five frequencies, the characteristic inflection points are well defined for the lowest of the frequencies. The large tunnel with insulated walls scatters three to four times more in amplitude than the 20cm diameter conductor in an insulated tunnel. Experimental results will be available for comparison soon.
The present results indicate that even when operating with field gradients, the transmitter signals may mask out the scattered signals. By accurately modeling the transmitter fields, fully recording the amplitude and phase of the received signal, and assuring an adequate dynamic range of the receiver, it should be possible to extract conductor locations using image analysis techniques. 
Y b
The performance of sub-surface detection is enhanced by adapting the wavelength and orientation of the probing radiation to the configuration of the underground structure and to the soil characteristics. Experimentaltheoretical agreement has been achieved in the shape of the scattered signal for a wire buried at 10m depth in tests at SNLA. Theoretical predictions indicate that a REFERENCES
